Development of the current approach to carbon capture and sequestration from coal-fired power plants has several technical, environmental and economic constraints. Production of brine while storing CO 2 in the aquifer greatly mitigates some of the technical and environmental difficulties. In the case of geopressured-geothermal aquifers, brine production can yield methane and geothermal energy that exceeds the energy required for the capture and storage process. A reservoir simulation study was performed on a simple geopressured-geothermal aquifer model to investigate the amount of produced energy versus amount of stored CO 2 . The power requirements for CO 2 capture and pressurization of injected CO 2 and brine were compared to the power that could be achieved from produced energy.
Introduction
The current approach to carbon capture and sequestration (CCS) in deep saline aquifers is not economically attractive without large subsidies or a very high price on carbon [1] . Moreover the standard approach to geologic carbon storage (GCS) of simply injecting supercritical CO 2 into deep brine-filled geological structures raises technical and environmental difficulties (pressure buildup, brine displacement, risk of buoyant escape of the CO 2 , etc) when scaled up to the rates needed for mitigating anthropogenic emissions. Production of brine from the storage formations addresses many of the GCS difficulties [2] . We also examine how brine production reduces the economic difficulties facing CCS. The key is to recognize inherent value in the energy content of brine in many parts of the world. For example, geopressured-geothermal aquifers lie along much of the Gulf Coast of the United States at depths exceeding 10,000 feet. The brine in these formations is saturated with methane, with concentrations on the order of 30-45 SCF per barrel. Because of the sheer volume of brine, the total amount of methane held in this form is prodigious, estimated to be between 3000 to 46000 TCF [3] . For the same reason, the capacity of these geopressured-geothermal aquifers for storage of CO 2 is remarkable. Based on the estimates of the available pore volume and the fact that CO 2 is about five times more soluble than CH 4 under these conditions, 1000 to 15000 Gt of CO 2 can be dissolved in the brine of these geopressuredgeothermal aquifers.
The geothermal energy content of the hot brine is also significant, since the temperature of U.S. Gulf Coast aquifers is about 300°F at depths where the geopressured condition begins. The geothermal energy of each barrel of the produced brine is about 70,000 to 100,000 BTU, which is of the same order of magnitude as the energy from the produced methane. The produced brine can be re-injected to the same aquifer.
The potential for offsetting the cost of CO 2 capture and storage by producing large quantities of valuable methane and geothermal energy is clearly significant. The magnitude of this cost offset has been evaluated for two injection strategies: dissolving the CO 2 into extracted brine and then reinjecting the brine, and injecting supercritical CO 2 [4] . Numerical simulations indicate that injecting dissolved CO 2 yields 7 to 10 million BTU of energy per metric ton of CO 2 stored in the aquifer. The cost offset per ton of CO 2 provided by this level of energy recovery is much greater than the offset obtained when supercritical CO 2 is injected. Injecting dissolved CO 2 conveys other significant advantages such as (1) the produced brine is injected into the same aquifer rather than requiring disposal elsewhere; (2) the stored CO 2 has negligible tendency to escape from the aquifer; (3) a higher fraction of the energy in the aquifer is recovered because single-phase flow has much larger sweep efficiency (4) the process is less sensitive to aquifer heterogeneities and other uncertain geological characteristics and (5) lower surface pressure is needed to inject CO 2 dissolved in brine due to the gravity head of brine in the wellbore, reducing operating cost significantly. The geothermal energy from produced brine could be used in heat exchangers that regenerate solvent for CO 2 capture. The temperature of produced brine is above the temperature required for the stripper in an amine scrubbing unit and the heat duty of the stripper can be met with the quantities of brine required for the storage process. In fact the calculations for the strategy of injecting dissolved CO 2 show that the amount of extracted thermal energy exceeds the amount of heat required for capturing the CO 2 . This means that steam would not have to be withdrawn from an existing power plant cycle.
This assessment suggests that further investigation of the process of coupling of CO 2 geological storage with methane and geothermal energy production from geopressured-geothermal aquifers is warranted. Determining the actual economics will of course require closer examination of well costs, surface facilities, the price of the produced gas, whether the geothermal energy can be used for process heat, incentives for CO 2 storage, etc. However, preliminary calculations indicate that the revenue from the energy in hot brine saturated with methane can offset much of the costs of CCS or even pay for it under favorable conditions such as exist along the U.S. Gulf Coast.
Simulation Model
During the 1970s DOE funded a research program to evaluate the production of energy from geopressured wells [5] . The program had two aspects: The wells of opportunity program and the design wells. In the wells of opportunity program, the deep abandoned exploration wells in geopressure zone were re-completed and tested. In the design wells program, several wells were designed and drilled specifically as geopressured wells. The Pleasant Bayou No. 2 was one of the design wells. The model in this study is based on the results from the DOE study.
A compositional numerical reservoir simulator was used to model the fluid and geological complexities of the process. The Peng-Robinson equation-of-state (PREOS) was used to model the fluid containing carbon dioxide, methane and brine. The PREOS parameters were tuned to fit the model with experimental data under aquifer conditions corresponding to Pleasant Bayou No. 2 [6] , [7] and [8] .
A numerical simulation model of the aquifer was developed. Properties such as pressure, temperature, salinity, dimensions, depth, porosity and permeability were chosen from typical conditions of geopressured-geothermal aquifers of the U.S. Gulf Coast. Relative permeability curves and capillary pressure were built using Corey model. A m including gas trapping during imbibition.
Horizontal wells both produce at higher rates and yield higher energy recovery. Also, they are less sensitive to heterogeneity (Ganjdanesh et al., 2012) . Therefore, parallel horizontal well patterns were chosen for injector and producer. Figure 1 illustrates the schematic of well placement. A unit cell of one injector and one producer was used for reservoir simulation. The producer was placed at the center of the unit cell and two half injectors were placed at the edges. Table 1 summarizes the specifications of the unit cell. Constant wellhead pressure was used to simplify the calculation of energy required for compression. The producer and injector flow rates depend on the surface pressure, the pressure change in the wellbore and pressure drop in the aquifer. There is a strong coupling between the aquifer, the wellbore and the surface facility.
(2011) [9] utilizes the Agarwal and Li [10] wellbore model. This model takes into account the hydrostatic pressure over the length of the well, pressure drop due to friction and pressure drop due to kinetic energy. 
Simulation Results
The model aquifer is homogeneous and highly idealized since the purpose of this study was to explore the concept of methane and geothermal energy production by CO 2 injection. The aquifer brine was saturated with methane at the initial pressure of the reservoir of 11,000 psi. The process of injecting CO 2 dissolved in brine was simulated. About 4.7 million metric tons (90 billion SCF) of CO 2 was injected in 7241 days (20 years) at a constant wellhead pressure of 4500 psi. The injection and production periods were chosen based on the breakthrough time of CO 2 . The mole fraction of CO 2 in the injected brine was 0.022, which is equivalent to the brine saturated with CO 2 at the initial aquifer pressure of 11,000 psi. The results are summarized in Table 2 . The geothermal energy assumes a decrease in brine temperature from 300 to 200°F. 
Analysis of Energy Balance
We examine whether the cost of CCS can be offset by production of methane and geothermal energy from geopressured-geothermal aquifers. The properties of the brine are listed in Table 3 . It is assumed that the mixture of CO 2 and produced brine is injected into the same aquifer. The solubility of CO 2 in brine at 200 °F and 11,000 psi is 2.2 mol%. Therefore, the amount of required brine to store one metric ton of CO 2 is 19.6 ton, which is equivalent to115 STB. (1 )
By dropping the temperature of one STB of hot brine from 300°F to 200°F, about 35,000 BTU of energy can be extracted. Also, by dropping the pressure of brine to 50 psi, 32.9 SCF of methane can be extracted. The amount of produced energy per ton of stored CO 2 is listed in Table 4 . 
Usage of Produced Energy for Capture and Storage Process
Amine scrubbing processes have developed as nominees for CO 2 capture from coal-fired plants. These processes require heat for removing captured CO 2 from the amine. In the conceptual designs, this heat would be provided by steam extracted from the existing turbine steam cycle [11] . The overall loss in power production associated with diverting this low pressure steam is about 15 to 20% of the power plant capacity. The use of geothermal energy for the heat input could reduce this loss of power production.
Heat for the strippers of the processes is usually required at 120 to 155 o C as saturated steam at 3 to 7 bar. The maximum temperature of the stripper is limited by the thermal degradation of the amine. For example, monoethanolamine is limited to 120 o C and concentrated piperazine is limited to 150 o C. Higher temperature stripping uses more valuable steam, but produces CO 2 at greater pressure with lower compression energy and capital costs [12] . Also, the overall loss in power production associated with compression is about 10 to 15% of the power plant capacity. The produced methane could be used in a gas cycle power plant to produce electricity. This produced electricity could be utilized for compression.
Analysis of Energy Balance of a 500MW Power Plant
The process of CO 2 capture and storage for a 500 MW power plant coupled with production of energy from geopressured-geothermal aquifers as illustrated in Figure 2 was studied. The energy balance for CCS combined with energy production from the aquifer is presented in the following section. The energy required for the operation of each part of the process is analyzed separately. Also, the produced energy from methane and hot brine is estimated. 
Heat Exchanger

Compressor:
The CO 2 emission rate from a 500 MW power plant is estimated to be 10,000 ton/day. Eight stages of compression were used to compress CO 2 from atmospheric pressure to 4,600 psi, which is the wellhead pressure for the injector. The amount of power required for compressing CO 2 to wellhead pressure is: Table 5 summarizes the properties for calculation of the required power for CO 2 compression. 
Pump:
In order to mix the brine with CO 2 at wellhead, the cooled brine should be pumped from 50 psi to 4600 psi. The amount of energy required for compressing the brine to wellhead pressure is calculated as follows: Table 6 summarizes the properties that were used to calculate the amount of power required for pumping the brine. 
Produced energy
The total amount of produced methane and the gross power is listed in Table 7 . Table 7 . Produced gross power from methane and brine Produced CH4, SCF/day 37,835,000
Gross power from produced CH4, MW 475
Gross power from produced brine, MW 492
The efficiency of a gas cycle power plant is about 30% and the efficiency of a combined cycle power plant is about 45 to 60%. Therefore, from the gross amount of 475 MW, a net power of 142.5 to 285.5 MW can be produced by using the produced methane in the power plant. Therefore, the rate of electricity generation from the produced methane exceeds the rate of electricity consumption required for the compression process.
The amine capture process takes about 15 to 20% of the output of the power plant in the form of low pressure steam that is equivalent to 75 to 100 MW of a 500 MW power plant. The heat load equivalent to this amount of work is about 350 to 400 MW. Therefore, the rate of produced heat from hot water exceeds the heat load required for the capture process.
Numerical simulations indicate that about 650 ton CO 2 per day can be stored by one injector. Therefore, about 15 injectors and 15 producers are needed in order to store the whole CO 2 emitted from a 500 MW coal-fired power plant. Table 8 summarizes the achievable power from produced energy and power requirements for this mode of CCS. 
Conclusions
The coupling of CCS with energy production from geopressured-geothermal aquifers is a new and promising idea. There is a significant potential for offsetting the cost of CCS by producing large quantities of methane and geothermal energy. In geopressured-geothermal aquifers typical of the U.S. Gulf Coast, the amount of recoverable geothermal energy from hot brine exceeds the required heat for capture process by amine scrubbing. The temperature of the hot brine matches the temperature of the stripper in amine scrubbing process. Also, the amount of electricity that can be generated by produced methane exceeds the amount of electricity required for compressing the CO 2 and pumping the brine.
